THE increasing interest of biochemists in sulphydryl compounds has led to the necessity of finding some method for the accurate determination of these substances. That the problem is complex may be judged from the number of papers proposing new methods or modifications of old ones. The original procedure of Rosenheim and Davidsohn [1904] for the volumetric estimation of thiol acids by the use of iodine in the presence of sodium bicarbonate was found by Klason and Carlson [1906] to give too high values. However, in neutral or acid solutions the reaction between sulphydryl compounds and iodine was shown to be quantitative. Nearly all subsequent iodimetric procedures are based on this observation.
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The sulphydryl compounds of especial biochemical interest, cysteine, glutathione and ergothioneine, appear to be peculiarly sensitive to the acidity and temperature of the reaction mixture in which they are titrated. It has been known in a general way that cysteine is oxidised to cystine by iodine and to cysteic acid by bromine. The bromate and iodate methods for cysteine described by Okuda [1925] are based on these observations. Okuda showed that on adding standard bromate to an acid solution of cysteine containing excess of bromide, quantitative oxidation to the sulphonic acid occurred. The concentration of the bromide had no effect as long as it was in excess; the concentration of acid affected only the rate, but not the nature of the reaction, and temperature had almost no effect. However, in spite of the simple course of the reaction, the procedure is not suitable for use on protein hydrolysates, since tyrosine, histidine and tryptophan all react with bromine. Since cystine alone of the amino-acids reacts rapidly with iodine in acid solutions, Okuda studied a similar iodate method. The reaction is somewhat complex, a mixture of disulphide and sulphonic acid (and possibly other products) being formed. The temperature and concentration of acid in the mixture have a pronounced effect on the course of the reaction, which is influenced to a less degree by the concentration of iodide [Okuda, 1924] and other substances present. That this is also true of glutathione has been shown by King and Lucas [1931] , who found the amount of iodine required by glutathione to be influenced by both temperature and acidity, and by Perlzweig and Delrue [1927] , Gavrilescu [1931] and others, who showed that the presence of added potassium iodide lowered the iodine consumption of glutathione solutions. In the hope of gaining some useful information concerning the conditions under which these compounds are most favourably titrated, a study has been made of the influence of acidity, temperature and concentration on the reaction between iodine and cysteine and several allied substances.
EXPERIMENTAL.
The sulphydryl compounds used in this investigation were dissolved in freshly boiled and cooled distilled water, and, unless otherwise stated, diluted to make approximately 0-04M aqueous solutions. 1 cc. of solution was added to 11 cc. of buffer mixture made up with oxygen-free water. The buffers used were (1) Walpole's M sodium acetate + HCI, (2) the 0.1 M glycine-NaCl + HCI mixture of S0rensen, (3) Walpole's acetic acid + sodium acetate mixture, (4) Mcllvaine's Na2HPO4 + citric acid, (5) S0rensen's NaH2PO4 + Na2HPO4 and (6) the sodium veronal buffer of Michaelis. In some of the work the Universal Buffer Mixture sold by British Drug Houses was used. After mixing the buffer and test solution the pH was always checked by a capillator measurement before the titration was performed. From time to time the PH was measured after the titration was completed, to make sure that the buffering action had been effective.
If no indicator is used in the iodimetric titration, a point is reached at which the iodine itself suddenly gives a yellow coloration to the solution. Okuda [1923; 1924; 1925] utilised this in his iodate method for cysteine. This end-point is sharp and readily reproducible, but the iodine used is always appreciably in excess of that required by theory if the reaction occurs according to the equation 2XSH + I2 -* XSSX + 2HI. The use of starch as indicator is not only much simpler, according to Uyei [1926] , Blanchetiere and Melon [1927] and Turner [1929] , but appears to give more accurate results for glutathione. It has the disadvantage that in the case of cysteine and its derivatives, the end-point is not sharp-a pale purplish-blue, fading rapidly, precedes the intense blue characteristic of the starch-iodine complex, rendering doubtful the exact end-point. However, with a little experience, it was found possible to determine this point within 0-2 to 0 3 cc. in 10 cc., i.e. less than 3 % error. Tunnicliffe [1925] used nitroprusside as an external indicator in applying the iodine titration procedure of Klason and Carlson [1906] to the observed quantity of glutathione 0*015 V mg., where V is the volume of solution at the apparent end-point. Such a correction factor has been noted by several workers, although many appear to have neglected to use it.
Cysteine. The effects of temperature and PH were first studied, since these factors exert the most marked influence on the iodine-combining power of cysteine. The potassium iodide factor was kept constant, either at the lowest possible level by using standard iodine instead of iodate, which requires the presence of an excess of iodide, or by adding a definite amount of iodide to the solution and titrating with iodine. Most of the figures were obtained by direct titration, but in some cases an excess of iodine was added to the cysteine solution and the determination completed by a back titration with 001 N thiosulphate. Both methods gave comparable results at 00. The marked temperature effect when the titration was performed in N hydrochloric acid is shown in Fig. 1. 8.00 Influence of acidity on iodimetric titration of cysteine. In order that the temperature of the test solution should not rise above 00, the vessel was kept in a large dish of brine at about -50 and the iodine added at a rate not exceeding 1 cc. per minute, the solution being stirred by means of a thermometer. The lowest iodine consumption, compatible with a reasonably fast rate of reaction, took place in solutions N with respect to strong mineral acid (hydrochloric). The reaction under these conditions, and at this dilution (1 cc. of 0-04M cysteine in 12 cc.) conforms closely to the amount of iodine required for oxidation to cystine, i.e. 4-00 cc.' The same quantity of cysteine in an equal volume of 0-1N HCl required from 4-6 to 5-1 cc. of iodine. Although the end-point was sharper in the sense that a blue colour appeared more suddenly the values were quite variable and were not exactly reproducible.
Decreasing the acidity by the use of various buffers led to surprising variations in the iodine-combining capacity of cysteine. In spite of careful temperature and PH control, it was found impossible to get good checks, irregularities of from 0-1 to 0-6 cc. (depending upon the PH) being apparently unavoidable.
The results are best showA graphically (see Fig. 2 ). With decreasing acidity increasing amounts of iodine are required, until a maximum iodine consumption is reached at a PH of about 1-8. The iodine requirement then falls to a minimum at PH 2-7, rises to a second maximum at PH 3.5, falls again to a minimum at PH 7-0, and rises again on the alkaline side of neutrality. At first it was imagined that these peculiar titration values might be in some way related to the buffer solutions, but the same curve was obtained regardless of what buffers were utilised.
In solutions more acid than N the starch blue colour appears before the theoretical end-point, fades more or less rapidly, depending on the acidity of the medium, and is not readily determined by direct titration. Titration mixtures were set up as follows:
N: 1-0 cc. concentrated HCl + 1-00 cc. cysteine solution + 10-0 cc. water, 2N: 2-0 cc. concentrated HCI + 1-00 cc. cysteine solution + 9-0 cc. water, 3N: 3-0 cc. concentrated HCl + 1-00 cc. cysteine solution + 8-0 cc. water. Because of the end-point difficulty the iodine was added dropwise to 4-0 cc. (the theoretical end-point), the apparent end-point being noted, and then run into 10-0 cc. After the acidity was adjusted (by adding the calculated extra C. C. LUCAS AND K J. KING amount of HC1) the mixtures were set aside at 00 in the dark for the times shown in Table I . From the amount of 0 OIN sodium thiosulphate required for back titration, the iodine consumption was calculated. The influence of increasing acidity is seen to be a slight slowing of the first reaction, namely, oxidation to disulphide and a marked inhibition of secondary reactions. Influence of cysteine concentration on iodimetric titration. The effect of dilution upon the iodine consumption of cysteine solutions has already been investigated by Bierich and Kalle [1928] in connection with their studies on the sulphydryl compounds in tissue extracts. By means of their so-called "dilution factor," which is very large for cysteine, they proposed to distinguish between cysteine and glutathione as iodine absorbers in such solutions. The object in the present investigation was not to devise a method of distinguishing sulphydryl compounds by this means, but to record the magnitude of the errors involved by dilution. All titrations were performed at 0°, 0 01 N iodine being added dropwise to the well-cooled mixture containing 1 cc. of 0-04M cysteine solution in a volume V (which initially was N with respect to H10). The theoretical titration was 4-00 cc. The values obtained are contained in Table II . 1-00 2-7 2-3 0-4 2-00 49 4-6 0-3 3-00 7-2 6-9 0-3 4-00 9-3 9-2 0-1 A somewhat similar series with the volume constant and varying cysteine concentrations gave similar results as shown in Table III. Varying volumes of   2080 a cysteine solution containing 0-023 milli-equivalents per cc. were made up to a final volume of 12*0 cc., so that the acidity with respect to HCI was N. It is seen that the stronger the cysteine solution, the less is the extent to which iodine in excess of the theoretical is consumed.
The influence of iodine concentration. All titrations were performed at 0°o n solutions N with respect to HC1, and containing 1 cc. 0-04M cysteine solution in an initial volume of 12 cc. Iodine of different strengths was added dropwise to the well-cooled solutions. The theoretical titration was 4 00 cc. 00l N I. The values determined are contained in Table IV , where it is seen that the departure from the theoretical consumption is greater when standard iodine solutions of low normality are used. Tables II, III and IV, it is evident that dilution of either the cysteine solution or the iodine introduces errors which increase with the dilution, but not in any exact ratio to it. In stronger solutions oxidation to the disulphide only occurs, but at the dilutions at which protein hydrolysates and tissue extracts are titrated, the side-reactions introduce a considerable error.
Order of addition of reagents. The influence of the order of addition of reagents was studied briefly. Iodine was added in excess to cysteine solutions and in other cases cysteine was added to excess iodine solution, but although the amounts of iodine combined at different hydrogen ion concentrations were altered, in neither case were the results much closer to the stoichiometric relationship than by direct titration. The result of adding a considerable excess of iodine to the cysteine solution at 00 and various acidities followed by back titration with thiosulphate is shown in Fig. 3 . The results in the acid range are uniformly lower than those obtained by direct titration. The first maximum of iodine consumption (at PH 1.8) is completely obliterated, whereas the second maximum (at pH 3.5) remains. Iodine consumption falls to a minimum at PE 6 and rises fairly sharply with increasing PHE much more iodine being combined at PH 7 than is the case with direct titration.
Influence of potassium iodide on iodimetric titration of cysteine. Okuda's [1925] observation, that in his iodate method the presence of an excess of potassium iodide lowered the iodine consumption of cysteine solutions, led to an investigation of its influence in the hope that side-reactions might be entirely inhibited. Because of the premature development of the blue colour 2081 in the presence of added iodide, it was found expedient to add an excess of iodine to the cysteine solution and to titrate the excess with thiosulphate. The marked effect of added iodide in lowering the iodine consumption, particularly at acidities less than N, is shown in Fig. 3 : 0 5 % potassium iodide partially eliminates the second maximum of iodine consumption at pH 3 7, and 2 % iodide almost completely.
It is perhaps worthy of note that the shape of the curve relating iodine consumption to pH for cysteine differs markedly from that for a trichloroacetic acid extract of liver, the iodine consumption of which is constant between pH 0 and 5, as was shown by King, Baumgartner and Page [1930] . The curve for liver extracts is similar in shape to that for glutathione, and the absence of any peaks from the curve, similar to those which are so characteristic of cysteine, would appear to indicate the absence of appreciable amounts of free cysteine from liver.
Secondary oxidation producets. The nature of the products formed by the iodine used in excess over that required for oxidation to disulphide, has not been investigated fully, but by allowing a series of tubes containing cysteine to stand for some days with twelve times the iodine necessary for oxidation to disulphide (or twice that necessary for oxidation to cysteic acid) and titrating with thiosulphate at intervals, evide;nce of eventual oxidation to cysteic acid was obtained. It was found that after 50 hours at room temperature the iodine consumed by cysteine was 92 %/ of that required by theory for oxridation to cysteic acid. Data from a similar experiment with cystine, as shown in Table V , demonstrated that the oxidation to cysteic acid proceeded to the same point in 50 hours and to 94 %/ of completion in 100 hours. Since this work has been completed, a paper has appeared by Shinohara [1932] in which the isolation of cysteic acid from the oxidation products of cystine by iodine has been described.
The data set forth in the preceding sections make it plain that no simple rules can be laid down which will ensure quantitative results for the estimation 2082 IODIMETRIC DETERMINATION OF CYSTEINE Derivatives of cysteine.
The cysteine titration curve differs remarkably from that of apparently closely related thiol compounds, e.g. glutathione, ergothioneine, simple mercaptans and thiol acids (see below). It was hoped that by studying the reactions of compounds formed by substituting the hydrogen in the carboxyl group of cysteine, the amino-group and finally both groups, some explanation might be found for the peculiar peak at about PH 2 in the titration curve. Several derivatives of cysteine were accordingly synthesised and their iodine consumptions were studied at different acidities and temperatures.
The first derivatives studied were those in which the carboxyl group was esterified. The ethyl ester hydrochloride of cystine was prepared by passing dry HCl gas into a suspension of cystine in warm absolute alcohol. After boiling on a water-bath for 12 hours, until the cystine had all dissolved, the solution was filtered hot and set in the ice-chest to crystallise. After being twice recrystallised from ethyl alcohol and dried in a vacuum over sulphuric acid, micro-Kjeldahl In a similar manner the isopropyl ester was prepared and isolated as the dihydrochloride. After one recrystallisation micro-Kjeldahl gave 7X6 % N; theory requires 7-06 %.
These substances were reduced with zinc in aqueous hydrochloric acid solution immediately before titration, filtered and diluted to volume with oxygen-free water.
A derivative with the amino-group protected was prepared by forming acetylcysteine by a modification of Pirie's [1931] method. The product was practically free from any odour of acetic acid. Analysis, Between PH 0 and 5-5 there was no variation in the iodine uptake. Above PH 6 slightly larger amounts of iodine were combined. There is, however, an 1 We are indebted to Dr Helen Stantial for the micro-analyses reported in this paper.
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IODIMETRIC DETERMINATION OF CYSTEINE appreciable temperature effect, as shown in Fig. 1 . The isopropyl ester behaves similarly.
Effect of substitution in the amino-group (acetylcysteine). The peculiar increase in the iodine consumption of cysteine on direct titration reaches its maximum at pE 1X8, at which acidity the iodine uptake is almost 50 % greater than in a solution of PH 0. In the case of acetylcysteine the maximum occurs at PH 4*5 and is much more pronounced, over 100 % more iodine being required than at pH1 0 (Fig. 4) . Effect of substitution in both the carboxyl and amino-groups (ethyl ester of acetylcysteine). In the case of the ethyl ester of acetylcysteine, the iodine consumption was practically constant between PH 0 and 8.
From these results it would appear that an appreciable rise in the curve relating iodine consumption with PH occurs only if the carboxyl group of cysteine remains free. Esterification eliminates the variations in iodine consumption between PH 0 and 5, giving compounds similar in their behaviour in this respect to glutathione and to simple thiol acids. The shift of the region of maximum iodine consumption to a less acid range and the augmentation of iodine uptake in the case of acetylcysteine may possibly be related to the fact that on introducing an acyl group into the amino-group its basic properties are weakened, allowing a corresponding increase in the strength of the adjacent carboxyl group.
Glutathione.
One of the early improvements in the estimation of glutathione, based on Tunnicliffe's [1925] iodimetric procedure, was the use of excess iodine in the presence of potassium iodide by Perlzweig and Delrue [1927] . The potassium iodide stabilises the starch end-point by minimising the extent to which side- King and Lucas [1931] showed that at temperatures of 200 and under, crystalline glutathione required theoretical amounts of iodine when titrated at acidities greater than PH 5. Above this PH larger amounts were used.
The effect of dilution on the capacity of glutathione for reducing iodine, both on direct and indirect titration, and the marked action of potassium iodide in minimising this dilution error are shown in Table VII . It is noted that [1930] and was approximately 20 % in the oxidised form at the time these titrations were made.
t The 10 cc. dilution corresponds roughly to the concentration of glutathione in a 10 % extract of liver, and the 60 cc. dilution corresponds roughly to that in a 1 in 10 trichloroacetic acid filtrate of blood.
in the neighbourhood of the glutathione concentration commonly reported for liver extracts there is approximately an 8 % error in the amount determined by direct titration. In the case of the concentration corresponding approximately with those reported for blood-filtrates there is a 40 % error on direct titration and a 60 % error on indirect titration. These errors would appear to be eliminated by the presence in the solution of 1 % potassium iodide, without suppressing the iodine uptake below the point corresponding to simple oxidation to disulphide. The above titrations were made at PH 2, but it was also found that the addition of 2 % potassium iodide diminished the iodine uptake almost to the theoretical even when the titration was carried out at neutrality.
Ergothioneinel (the betaine of thiolhistidine). On account of the occurrence of this sulphydryl compound in blood-filtrates its behaviour towards iodine under various conditions of temperature and acidity was investigated. An approximately M/100 solution was prepared by dissolving 33 mg. of the dry 1 The ergothioneine used in this experiment was kindly supplied to us by Prof. (G. Hunter, of the University of Alberta, to whom our thanks are due.
IODIMETRIC DETERMINATION OF CYSTEINE substance in 15 cc. of freshly boiled distilled water. At 00 1 cc. required 0-892 cc. of 0.01 N I by direct titration from a micro-burette; at 200 0 904 cc. were required, and at 400 0-924 cc.; the temperature effect, therefore, is almost negligible. That the dilution effect is also very small would appear from the fact that 1 cc. undiluted required 0*904 cc. of 0.01 N I, 1 cc. diluted to 10 with distilled water required 0*935 cc. iodine; diluted to 20 cc. it required 0-920 cc. and to 50 cc. 0-890 cc.
Titration of ergothioneine at different hydrogen ion concentrations using glycine, acetate and phosphate buffers, showed that the PH effect was small on the acid side of neutrality, being almost a straight line between PH 0 and 6*4. At reactions more alkaline than pH 7 very much larger amounts of iodine were consumed, and the end-point was transient. By titration of excess iodine with thiosulphate it was found that a total of six times as much iodine was required as that used below PH 7 (see Table VIII ). The presence of added potassium iodide in an ergothioneine solution appeared to have a most marked effect on the amount of iodine consumed. Under the condition most favourable to titration of cysteine and of glutathione, therefore, ergothioneine reduces only a small fraction of its theoretical equivalent of iodine. This point has recently been considered by Meldrum [1932] and Woodward and Fry [1932] in their study of blood-glutathione determination.
Thiophenols.
In the case of thiophenol and thiocresol the iodine consumption was constant between PH 0 and 7. At PH 7-5 a definite increase was noted. The temperature effect was almost nil (see Figs. 1 and 5 ).
Thio-acids. Thioglycollic acid and thiolactic acid were chosen as being examples of simple thiol compounds containing a carboxyl group. The marked influence of 2087 temperature when the titration was carried out in N hydrochloric acid is shown in Fig. 1 . At 00 the amount of iodine combined corresponded most closely with the stoichiometric relationship 2XSH + I2--XSSX + 2HI. The iodine consumption was constant between PH 0 and 6-5, as shown in Fig. 5 . 
SUMMARY.
Temperature exerts a marked effect on the amount of iodine combined by cysteine in solution. Extraordinary differences are found in the amounts of iodine consumed at different hydrogen ion concentrations. Esterification of the carboxyl group lessens the temperature effect and almost eliminates the CH effect. Acetylation of the amino-group, on the other hand, increases the maximum of iodine consumption and alters its position on the PH curve. The concentration of cysteine in the solution titrated and the concentration of the iodine used have a marked effect on the extent to which oxidation occurs. In the presence of 0 5 % potassium iodide cysteine can be determined quantitatively by indirect iodimetric titration at 00 and N acidity.
Glutathione reduces theoretical amounts of iodine only at an acid reaction (below PH 5) and at a temperature less than 250. At high dilution the large error which results on either direct or indirect titration can be eliminated by the presence of potassium iodide in the glutathione solution.
Cysteine in its reactions with iodine is much more markedly affected by temperature, CH and dilution than is the tripeptide, glutathione, of which it is a constituent.
The dissimilarity of the pH-iodine consumption curve for liver extract from that for cysteine appears to indicate the absence of appreciable amounts of free cysteine from liver.
The iodine consumption of ergothioneine appears to be only slightly affected by temperature, CH below neutrality and dilution. The presence of added potassium iodide markedly diminishes the iodine consumption, particularly at acid reactions.
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Simple mercaptans may be quantitatively determined by direct titration at room temperature. On the acid side of neutrality the acidity of the medium appears to have no effect on the iodine uptake.
The iodine consumption of thiol acids is markedly affected by temperature, theoretical iodine consumption only occurring at or near O°. The influence of CH is not apparent on the acid side of neutrality.
